Achieving and maintaining safe and reliable lineage specific differentiation of stem cells is important for clinical translation of tissue engineering strategies. In an effort to circumvent the multitude of problems arising from the usage of growth factors and growth factor delivery systems, we have explored the use of exosomes as biomimetic tools to induce stem cell differentiation. Working on the hypothesis that cell-type specific exosomes can trigger lineagespecific differentiation of stem cells, we have evaluated the potential of exosomes derived from dental pulp cells cultured on under growth and odontogenic differentiation conditions to induce odontogenic differentiation of naïve human dental pulp stem cells (DPSCs) and human bone marrow derived stromal cells (HMSCs) in vitro and in vivo. Results indicate that the exosomes can bind to matrix proteins such as type I collagen and fibronectin enabling them to be tethered to biomaterials. The exosomes are endocytosed by both DPSCs and HMSCs in a dose-dependent and saturable manner via the caveolar endocytic mechanism and trigger the P38 mitogen activated protein kinase (MAPK) pathway. In addition, the exosomes also trigger the increased expression of genes required for odontogenic differentiation. When tested in vivo in a tooth root slice model with DPSCs, the exosomes triggered regeneration of dental pulp-like tissue. However, our results indicate that exosomes isolated under odontogenic conditions are better inducers of stem cell differentiation and tissue regeneration. Overall, our results highlight the potential exosomes as biomimetic tools to induce lineage specific differentiation of stem cells. Our results also show the importance of considering the source and state of exosome donor cells before a choice is made for therapeutic applications.
Introduction
Predictable and reliable induction of lineage specific differentiation of stem cells is one of the key requirements for tissue engineering applications. In many cases, the biomaterial properties and choice of biomaterials are also dependent on this factor. Traditionally, growth factor delivery systems are used for induction of lineage specific differentiation of stem cells. The FDA has approved the use of growth factors such as bone morphogenetic factor 2 (BMP2) for clinical use. However, current clinical applications of growth factors have caused several adverse side effects and ectopic interactions. Many complications have been reported recently from BMP2 usage causing serious safety concerns among clinicians [1, 2] . In an effort to develop biomimetic approaches that can circumvent growth factor usage and complex controlled release mechanisms, we explored the possibility of utilizing cell-type specific exosomes.
We have tested this approach for dental pulp tissue regeneration using exosomes and an existing clinical material (collagen tape) in a translationally relevant small animal model. Clinically relevant dental pulp tissue regeneration can serve as a regenerative endodontic treatment to replace the existing root canal therapy used to treat necrotic permanent teeth arising from dental caries.
Dental caries is one of the most prevalent infectious disease in the world second only to the common cold [3] . A report from the world health organization (WHO) states that 90% of the world's population has experienced dental caries. Poor oral hygiene is the primary cause for dental caries. However, treatments such as chemotherapy, radiation therapy and ingestion of medicines that cause excessive dryness of the oral cavity and affect salivation are also responsible for caries. Dental caries causes irreversible damage to the mineralized tissues of the teeth. Exacerbation leads to infection of the soft pulp tissue and causes acute to chronic pain, distress and ultimately loss in quality of life. Advanced dental caries is characterized by bacterial infection of the dental pulp leading to inflammation and necrosis of the vital dental pulp tissue.
The dental pulp is a highly vascularized and innervated tissue that performs several functions ranging from response to bacterial insult and injury, providing neuronal sensitivity to transmission of mechanical stimuli for repair and regeneration. Therefore, loss of this tissue results in loss of tooth vitality. Root canal therapy is the current clinical treatment of choice for treating necrotic permanent teeth. More than 20 million root canal treatments are performed in the United States alone every year and several million around the world. The clinical filling material used for this procedure is an inorganic compound that is biologically inert. Therefore, this procedure leads to permanent loss of tooth vitality and sensitivity (Dead tooth). Due to lack of immune response from an insensitive tooth, subsequent infections can go unnoticed increasing the likelihood for secondary infections. In the immature permanent teeth of young adolescents, root canal therapy prevents tooth maturation and root development leading to weak tooth structures prone to cervical root fractures [4] . Therefore, maintaining the functionality of the dental pulp is necessary for tooth integrity and longevity. Tissue engineering approaches aimed at regenerating the dental pulp can readily address these issues. Our group and several other groups have attempted dental pulp tissue regeneration using a variety of growth factors [5] [6] [7] , biomaterials and mesenchymal stem cells [8] [9] [10] [11] [12] [13] . However, the dosage, delivery and safety concerns regarding the growth factors limit the translatory potential of these approaches. On the other hand, exosomes have never been explored as biomimetic tools for dental pulp tissue regeneration.
Exosomes are micro vesicles that are secreted by cells to facilitate inter cellular communication [14] . They contain RNA material (both mRNA and micro RNA (miRNA)), cytosolic proteins as well as trans membrane proteins [15] . Originally, exosomes were believed to be mediators of cellular homeostasis by secreting cellular waste [16] . Recent studies on exosomes have mainly focused on immunology and cancer biology [16, 17] . However, after discovery of their role in transference of mRNA and miRNA [18] , there has been a renewed focus on their applications in regenerative medicine. Recently, exosomes have been shown to increase the proliferative ability of mesenchymal and epithelial cells via the mitogen activated protein kinase (MAPK) pathway [19, 20] . Exosomes from endothelial cells [21] , endothelial progenitor cells [22] [23] [24] and mesenchymal stem cells (MSCs) [25, 26] all possess pro-angiogenic properties that have been attributed to the miRNAs localized within them [21] . Finally, exosomes have been identified as the driving force behind the immunomodulatory effects of MSCs by enabling secretion of anti-inflammatory cytokines and facilitating the formation of M2 macrophages [27, 28] .
Although these studies show the potential of exosomes for use in regenerative medicine, their ability to induce lineage specific differentiation of stem cells has not been studied rigorously. Additionally, the effects of using exosomes from one cell type on the overall biology of the recipient cell needs to be studied. We hypothesized that exosomes isolated from differentiated cells could be used to induce lineage specific differentiation of naïve MSCs. In this study, we explore the possibility of using exosomes isolated from odontogenic human dental pulp cells as biomimetic tools to effect lineage specific differentiation of primary human dental pulp stem cells (DPSCs) and primary human marrow stromal cells (HMSCs) in vitro and in vivo.
Materials and Methods

Cell culture
The primary human DPSCs used in this study were a gift from Dr. Songtao Shi (University of Pennsylvania, School of Dental Medicine). The primary human HMSCs used in this study were purchased from ATCC. Both cell types were cultured in minimum essential mediumalpha (αMEM) containing 20% fetal bovine serum (FBS, Gibco), 1% antibiotic-antimycotic solution (anti-anti, Gibco) and 1% L-glutamine (Gibco). The cells used in the all the experiments presented in this manuscript were passage 4 or under. For induction of odontogenic differentiation, containing growth media supplemented with 100μg/ml ascorbic acid, 10mM β-glycerophosphate and 10mM dexamethasone was used.
Isolation of exosomes
DPSCs were seeded to confluence in 100mm cell culture dishes. Exosomes were isolated from the culture medium of cells cultured in the presence of either growth (DPSC-Exo) or odontogenic differentiation media (DPSC-OD-Exo) for a period of 4 weeks. Exosomes were isolated as per previously published protocols [29] . Briefly, one day prior to isolation, the cell cultures were washed in serum free media and cultured for 24 hours in serum free media. When odontogenic media was used, the serum free media was supplemented with the odontogenic media cocktail of ascorbic acid, β-glycerophosphate and dexamethasone. The exosomes from the culture medium was isolated using the ExoQuick-TC (System Biosciences) exosome isolation reagent as per the manufacturer's protocol.
The isolated exosomes from cells cultured under growth and differentiation were suspended in PBS. Exosome suspensions were normalized to cell number from the tissue culture plate they were isolated from and diluted to ensure that 100μl of suspension contained exosomes isolated from 1 million cells. Cross-verification was performed by measuring RNA and total protein isolated from the exosome suspensions to ensure that RNA/protein concentration from the same volume of exosomes remained consistent. Immunoblotting was performed with exosome markers CD63 (Abcam, 1/1000) and CD9 (Abcam 1/1000) antibodies as positive exosomal markers using protein extracted from 50μl of exosomes (equivalent to exosomes from 500,000 cells) and also with tubulin as negative control for intracellular proteins (Sigma 1/10,000) as per previously published protocols [29] . For comparison, the expression of the same proteins in DPSC lysates corresponding to 50,000 cells is provided.
Transmission electron microscopy (TEM)
TEM was used to verify the presence of exosomes in the purified samples and also to evaluate binding to type I collagen. 10μl of a 1 in 10 dilution of exosome suspension (equivalent to exosomes isolated from 10,000 cells) was placed on to fomvar/carbon coated nickel TEM grids and incubated for 30 minutes. For immunogold labeling, the exosomes bound to the grids were permeablized in PBS containing 0.5% Triton X-100 followed by blocking with PBS containing 5% BSA. The exosomes were then incubated for 2 hours at room temperature in mouse monoclonal anti CD63 antibody (Abcam, 1/100 dilution). Followed by washing (3 times) and 1 hour incubation at room temperature in 10nm goldlabeled secondary antibody. The grids were then washed, dried and imaged using a JOEL JEM-3010 TEM.
For collagen binding experiments, fomvar/carbon coated nickel grids were incubated for 15 minutes with 10μl of collagen solution containing 1μg of type I collagen (BD Biosciences). The grids were then washed in double deionized water and incubated with protein free blocking buffer (Thermo scientific) for blocking non-specific binding for 30 minutes. The grids were then incubated with 10μl of diluted exosome solution as described previously for 1hr at room temperature and then washed extensively in double deionized water and immunolabeled for CD63 as described above. The grids were imaged using a JOEL JEM 3010 TEM.
Fluorescent labeling of exosomes
The exosomes were labeled using the Exo-Glow-Green labeling kit (System Biosciences) as per the manufacturer's recommended protocol. During each labeling reaction, a control reaction was performed using PBS not containing exosomes. This mixture was used in subsequent experiments as control to ensure against non-specific staining from the labeling procedure.
Endocytosis experiments
100,000 DPSCs or HMSCs were seeded on to glass coverslips placed inside 6 well tissue culture plates. 24 hours post seeding, 50μl of fluorescently labeled exosomes (corresponding to exosomes isolated from 500,000 cells) or control mixture was added to the culture medium and incubated for 1 hour at 37°C. Integrins mediated endocytosis was blocked by treating the cells with 2mM RGD peptide (Abcam) for 1 hour at 37°C followed by treatment with exosomes. Energy dependency was verified by performing the endocytosis experiment for 1 hour at 4°C. The coverslips were then washed in PBS 3 times, fixed in 4% neutral buffered formalin solution and immunostained as per previously published protocols [29] . The slides were then imaged using a Zeiss LSM 710 confocal microscope.
Quantitation of endocytosis and dose dependence experiments were performed in 96 well Elisa plates specifically used for fluorescence quantitation. Briefly, 20,000 DPSCs were seeded onto each well of a 96 well plate. 24 hours post seeding, increasing amounts of exosome suspensions were added to the wells and incubated for 1 hour at 37°C. When blocking experiments were performed, the exosome amount was fixed at 10μl per 20,000 cells. The cells were pre-treated with increasing concentrations of methyl beta cyclodextrin (MBCD, 0, 2.5, 5 and 10mM) prior to endocytosis or treated with heparin (0, 5 and 10μM) at the start of the experiment. The experiments were conducted in quadruplicates. The wells were washed 3 times in PBS, fixed using 4% neutral buffered formalin solution and the fluorescence from the wells was measured using a BioTek 96 well plate reader equipped with the appropriate band pass filter sets. The fluorescence was normalized to background signal from wells that did not contain exosomes and plotted using Matlab software for endocytosis dose dependence and using Excel for blocking experiments. The wells were also imaged for representative fluorescent images using a BioRad Zoe fluorescent microscope.
Binding experiments
100,000 DPSCs were seeded onto glass coverslips placed in 6 well plates. 48 hours post seeding, the coverslips were decellularized using previously published standardized procedures to leave behind the cell secreted ECM [30] [31] [32] [33] [34] [35] . The ECM coated coverslips were then incubated with 50μl of fluorescently labeled exosome suspension for 1 hour at 37°C, washed extensively using PBS, fixed using 4% neutral buffered formalin and immunostained for fibronectin (red fluorescent secondary antibody). Blocking of integrin mediated binding was analyzed by pre-incubating the exosomes with 2mM RGD peptide prior to performing the ECM binding experiment.
Dose dependence and saturation in the binding of DPSC exosomes to the native ECM of DPSCs was analyzed using an Elisa based assay. For analyzing binding to native ECM, 50,000 DPSCs were seeded on to 96 well plates suitable for fluorescence. 48 hours post seeding, the plates were decellularized leaving behind the cell secreted ECM as per previously published protocols [36, 37] . The ECM was incubated with increasing amounts of exosome suspension for 1 hour at room temperature, washed 3 times in PBS and fixed. Experiments were performed in quadruplicates. To analyze the role of integrins in mediating exosome binding to the ECM, exosomes were also preincubated for 1 hour with 2mM RGD peptide (Abcam) after which they were incubated on the ECM coated plates. The bound exosomes were quantitated by measuring the fluorescence using a BioTek 96 well plate reader.
Dose dependence and saturation in the binding of DPSC exosomes to type I collagen was analyzed using Elisa as per previously published protocol [38] . Briefly, type I collagen was coated on to 96 well plates (5μg of type I collagen/well). The coated wells were blocked for non-specific binding using PBS containing 5% BSA and then incubated with increasing amounts of exosome suspensions. The wells were washed extensively, fixed in 4% neutral buffered formalin, permeablized using PBS containing 0.5% triton-x-100. The bound exosomes were quantitated by colorimetric immunostaining for the exosome marker protein CD63 (1/1000 dilution, Abcam) as per published protocols [29, 38] and measuring the absorbance using a BioTek microtiter plate reader. The experiments were performed in quadruplicates and the results were plotted using Matlab.
Exosome mediated stem cell differentiation (In vitro)
100,000 DPSCs or HMSCs cultured in 6 well plates or within clinical grade collagen sponges (Zimmer CollaCote1cm×1cm) were incubated for 8 or 48 hours with exosomes isolated from 500,000 cells or an equivalent volume of the similarly diluted isolation reagent (control solution). Exosomes isolated from cells cultured for 4 weeks using growth (DPSCExo) as well as odontogenic differentiation media (DPSC-OD-Exo) were used. P38 signaling was blocked using the inhibitor SB203580 (10μM). For these experiments, the cells were embedded in collagen sponges and the time point was fixed at 8hours. The control group contained an equivalent amount of DMSO to the group containing the SB inhibitor. Experiments were performed in triplicate. After specified time points, RNA from the cells was isolated followed by cDNA synthesis. Quantitative real time RTPCR (qRT PCR) was performed to analyze the expression levels of 16 genes representative of odontogenic differentiation of MSCs. Table 1 lists the gene-specific primers used in this study. Only the genes that showed a statistically significant change are listed in the results section. Data is presented as mean fold change with respect to control samples (ones that did not contain exosomes but were treated similarly in every other way). Statistical significance is represented as P value calculated using student's t-test.
In vivo experiments in root slice model
All animal experiments were performed in accordance with protocols approved by the UIC animal care committee (A3460-01). Exosomes isolated from 1.25 million cells under growth and differentiation conditions were added to 1cm × 1cm clinical grade type I collagen membranes (Zimmer CollaCote). 250,000 DPSCs were then seeded on to the membranes homogeneously. Note that the cell to exosome ratio was maintained constant for the in vitro and in vivo experiments. The collagen membranes treated similarly, but not containing exosomes served as control. The membranes were then used to fill the root canal spaces of human tooth root slices measuring 3-4mm in thickness. The root slices were obtained from extracted and discarded human molars from the clinics after proper disinfection. The root canal spaces in the root slices were filled with the control and experimental materials and implanted subcutaneously in the back of athymic nude mice for a period of 2 weeks. The slices were implanted immediately after cell seeding and were not cultured in vitro prior to implantation.
The animals were sacrificed and the extracted samples were fixed in 4% neutral buffered formalin and demineralized in 10% EDTA solution for 2 weeks with the EDTA solution changed once in 2 days. The demineralized samples were then paraffin embedded and sectioned in to 5μm thick sections. The sections were subjected to H&E staining and immunostaining using a mouse monoclonal anti DMP1 antibody (a kind gift from Dr. Anne George, UIC, 1/2000 dilution), rabbit polyclonal anti DPP antibody (a kind gift from Dr. Anne George UIC 1/100 dilution) and a mouse monoclonal antibody to von Willebrand factor (vWF, santacruz 1/100 dilution) followed by biotinylated secondary antibody (1/2500, Vector Labs) followed by colorimetric development using the DAB kit (Vector Labs). In addition, fluorescent immunohistochemistry (IHC) was performed using mouse monoclonal anti BMP2 antibody (1/100 dilution, Abcam), rabbit polyclonal anti TGFβ1 antibody (1/100 dilution Abcam), mouse monoclonal anti Runx2 antibody (1/100, Abcam) and finally rabbit polyclonal anti PDGF (platelet derived growth factor) antibody (1/100 dilution, Abcam). The immunostained sections were imaged using a Zeiss LSM 710 confocal microscope.
Results
Endocytosis of exosomes by DPSCs
Presence of exosomes in the isolates was verified by TEM. Figure 1A , B and C are electron micrographs showing the presence of exosomes. Figures 1B and 1C were immunogold labeled for the exosomal marker protein CD63. Figure 1A is a secondary antibody control showing the absence of non-specific labeling of the exosomes. Proteins from the exosomes and DPSC lysates were subjected to SDS PAGE and immunoblotting was performed for exosomal marker proteins CD63 and CD9. Representative immunoblots presented in figure  1D show the presence of both marker proteins. Immunoblotting for the intracellular protein tubulin was negative indicating the absence of proteins from lysed cells ( figure 1D ). The isolated exosomes were labeled fluorescently (green) and DPSC cultures were incubated with the labeled exosomes at 37°C and 4°C. A control labeling reaction was performed without exosomes and was subjected to the same procedure as the experimental sample. This preparation was used in the endocytosis experiments as control. The cells treated with this control preparation did not show any positive green fluorescent signal. The cells treated with the labeled exosomes were immunostained with anti tubulin antibody to observe the microtubules and also to verify if the endocytosed exosomes are transported intracellularly via the microtubules. Result presented in Figure 1 indicates that the DPSC generated exosomes are endocytosed by undifferentiated primary DPSCs at 37°C (figure 1E) but not at 4°C ( Figure 1F ). Figure 1G shows an orthogonal representation of a z-stack of confocal images obtained from the area represented by a white box in Figure 1E . The arrows in figure 1G point to endocytosed exosomes co-localizing with the microtubules in the x-z and y-z planes. Figure 1H is an enlarged view of the area indicated by the yellow box in Figure 1E . Figure 1H demonstrates the presence of endocytosed exosomes (green) on the microtubules (red). White arrows point to representative regions. Overall, the results presented in Figure 1 indicate that primary human DPSCs can endocytose pulp cell derived exosomes in an energy dependent manner and that the endocytosed exosomes are transported via the microtubules. Figure 2A shows that the process of exosome endocytosis by DPSCs is dose dependent and saturable. This result coupled with the result presented in figure 1 showing that endocytosis is energy dependent, indicated that the endocytic process was not a random uptake of exosomes, but rather a controlled mechanism possibly receptor mediated. Published studies have shown that exosome endocytosis by dendritic cells is mediated by integrins [39, 40] . We therefore, blocked integrin-mediated endocytosis by pre-treating the DPSCs with 2mM of RGD peptide. However, this did not affect the endocytosis of the exosomes by DPSCs indicating the absence of integrin-mediated endocytosis ( Figure 2B , 2C).
Depending on the target cell type, exosomes are endocytosed by either clathrin or caveolin mediated endocytosis and in some cases via macropinocytois and also via phagocytosis [39] . We performed immunolocalization experiments using clathrin and caveolin antibodies to ascertain the mode of endocytosis of exosomes by DPSCs. Representative confocal images presented in Figures 2D and 2E indicate that DPSCs endocytosed the exosomes via the lipid raft/caveolae mediated pathway (arrows in Figure 2E ) and not by clathrin mediated endocytosis. No colocalization of the endocytosed exosomes was observed with clathrin. Caveolin 1 (red) co-localized with the endocytosed exosomes (green) near the plasma membrane (white arrows in Figure 2E , 2F). Figure 2F is an orthogonal representation of zstack confocal images that shows co-localization of caveolin 1 with the endocytosed exosomes in then x-z and y-z planes. In addition to these qualitative evaluations quantitative analysis was performed to analyze the role of lipid rafts/caveolae in exosome endocytosis by DPSCs. Lipid raft/caveolae mediated endocytosis was blocked using the inhibitor MBCD. MBCD removes the cholesterol from the plasma membrane and is an effective inhibitor of lipid raft/caveolae mediated endocytosis [41] . Results presented in in figure 2G indicate that MBCD blocking inhibits the endocytosis of exosomes in DPSCs even at 2.5mM concentration.
Recent research suggests the involvement of heparan sulfate proteoglycans (HSPGs) in the endocytosis of glioblastoma cell derived exosomes [42] . HSPGs act as both receptors and co-receptors on the plasma membrane and are actively involved in endocytosis of several viruses [43, 44] . Sulfated heparin mimics the extracellular heparan sulfate domains of the HSPGs and can competitively block endocytosis via HSPGs by actively binding to the exosomes [42] . We therefore investigated if HSPGs are involved in the endocytosis of exosomes by DPSCs. Results presented in figure 2H indicate that heparin can dose dependently inhibit the endocytosis of exosomes by DPSCs. In Figures 2G and 2H , * represents statistical significance with respect to the control group and # represents statistical significance between the experimental groups with greater than 95% confidence. Qualitative fluorescence images for both MBCD and heparin blocking experiments are presented as supplementary data (please refer to supplementary Figures 1 and 2 ).
Overall our experiments indicted that exosome endocytosis by DPSCs is saturable and occurs via HSPGs and is lipid raft/caveolae mediated.
Endocytosis of exosomes by DPSCs triggers the P38 MAPK pathway and odontogenic differentiation in vitro
Receptor mediated endocytosis is usually accompanied by a corresponding signaling mechanism. MSC derived exosomes have been shown to promote vascularization via the P38 mitogen activated protein kinase (MAPK) pathway [45] . Additionally, published studies have shown that this pathway is triggered during exosome mediated cell proliferation albeit in cancer cells [46] . We therefore evaluated if the pulp cell derived exosomes triggered the MAPK pathway in DPSCs upon endocytosis. Figure 3 shows representative confocal micrographs of control and exosome treated DPSCs 4 hours post treatment immunostained for phosphorylated P38 (pP38). Compared to untreated controls ( Figure 3A) , the DPSC-Exo and DPSC-OD-Exo treatment triggered nuclear translocation of pP38 (white arrows in Figure 3B , 3C) indicating the activation of this pathway. Western blot analyses indicated an increase in the amount of pP38 upon exosome treatment. The increased presence of pP38 was observed at 8 hours. At 24 hours post treatment only the group treated with odontogenic exosomes showed significant increase. The phosphorylated protein levels returned to basal at 72 hours. Figure 3D shows representative western blots and Figure 3E is a quantitation of data obtained from triplicate experiments. The total P38 levels were normalized to tubulin. The normalized P38 levels were used to obtain relative levels of pP38 and the resulting data are represented as fold change with respect to control (no exosomes) for each of the time points. Statistical significance of the experimental groups with respect to the control group (*) and among themselves (# representing exosome treatment vs odontogenic exosome treatment) was obtained using student's t-test (95% confidence interval).
To identify the role of P38 in exosome endocytosis mediated signaling, DPSCs seeded on collagen sponges were treated with exosomes (DPSC-Exo) in the presence and absence of the P38 pharmacological inhibitor SB 203580. The control group contained an equivalent amount of DMSO to the SB 203580 group to rule out any interference caused by the DMSO solvent. The expression of 16 odontogenic marker genes (table 1) was evaluated 8 hours post treatment. This early time point was chosen to ensure that the observed effects would be due to endocytosis and P38 signaling and not influenced by exosomal miRNAs. Results presented in Figures 3F and 3G indicate that at 8 hours, only BMP2 and BMP9 genes were significantly regulated as a result of exosome treatment. At this time point P38 blocking significantly blocked the up regulation of these two genes. In the figures 3F and 3G, * represents statistical significance with greater than 95% confidence with respect to control and # represents statistical significance between the experimental groups.
Next, we evaluated if the endocytosis of exosomes triggered differentiation of DPSCs by affecting the expression of regulatory genes (listed in table 1) over a longer period of time. When DPSCs plated in 6 well plates were treated with either DPSC-Exo or DPSC-OD-Exo for 48 hours, we were able to observe a statistically significant increase in the expression of genes that regulate odontogenic differentiation including the dentin sialophosphoprotein (DSPP) gene. Table 2 lists the genes and the mean fold change in expression with respect to control. Statistical significance with respect to control was measured using student's t-test. Results presented in Table 2 indicate that DPSC-Exo and DPSC-OD-Exo can induce odontogenic differentiation of DPSCs in vitro.
Exosome binding to fibronectin and type I collagen
Binding of exosomes to ECM proteins is important to understand from a regenerative medicine perspective and to evaluate if they can be tethered to biomaterials for delivery. We analyzed if pulp cell derived exosomes have the ability to bind to structural proteins in the ECM. When fluorescently labeled exosomes were incubated with the native ECM of DPSCs and counter stained with fibronectin, we were able to observe binding of the exosomes to fibrillar fibronectin in the ECM. Representative confocal micrographs and z-stack orthogonal representations presented in Figures 4B and 4D respectively, elucidate this interaction.
Exosomal membranes are made up of plasma membrane similar to that of the originating cell. We therefore tested if exosomal binding to the ECM is mediated by integrins present on the exosomal membranes. When these exosomal integrins were blocked using RGD peptides, exosomal binding to fibronectin was completely abrogated indicating the role of integrins in mediating the binding of exosomes to fibronectin ( Figure 4C ). Figure  4E indicate a dose dependent and saturable binding to the ECM of DPSCs. When exosomal integrins were blocked using an RGD peptide, the binding to the ECM was significantly reduced, but not completely abrogated indicating that the exosomes may also bind to other proteins in the ECM (figure 4E). We therefore evaluated if exosomes could bind to type I collagen, as it is one of the most abundant proteins in the mesenchymal ECM. Quantitative binding assays indicated a dose dependent and saturable binding to type I collagen ( Figure  4F ). Binding to type I collagen was also analyzed qualitatively using TEM. Figure 4I is a representative micrograph that shows the presence of a CD63 immunolabeled exosome on a type I collagen fibril (white arrow). Figures 4G and 4H show the presence of exosomes and collagen fibrils individually respectively. Overall, results demonstrated that the pulp cell derived exosomes bind to fibronectin via an integrin-mediated process and also bind to type I collagen.
Exosome binding to the ECM was then analyzed quantitatively. Results presented in
Exosome mediated differentiation of DPSCs in 3D cultures
Having observed exosomal binding to type I collagen, we investigated if type I collagen bound exosomes could induce differentiation of DPSCs cultured in a 3D environment within type I collagen hydrogels. Results presented in supplementary figure 3 show that DPSCs can endocytose exosomes loaded on to clinical grade type I collagen sponges. Results in Table 3 indicate that DPSC-Exo and DPSC-OD-Exo induce increased expression of odontogenic marker genes. However, compared to the 2D results, the change in gene expression was more robust with respect to DPSC-OD-Exo than the change presented in Table 2 indicating that the odontogenic exosome (DPSC-OD-Exo) mediated differentiation is more efficient when the cells are present in 3D culture resembling their in vivo environment. Another observation from this experiment was that the DPSC-OD-Exo triggered a more robust increase in the expression of odontogenic marker genes compared to DPSC-Exo indicating that exosomes from cells subjected to odontogenic differentiation were more potent in inducing differentiation of naïve DPSCs.
Exosome mediated dental pulp-like tissue regeneration in a tooth root slice model
With in vitro experiments highlighting the potential of DPSC-Exo and DPSC-OD-Exo to induce differentiation of DPSCs, we investigated if exosomes could trigger the regeneration of pulp-like tissue in a translationally relevant model. For this purpose, we chose a collagen membrane that is used clinically for endodontic treatment (Zimmer CollaCote) in a tooth root-slice regeneration model. Published studies have shown the efficiency of this model for evaluating scaffolds and tools developed for dental pulp tissue regeneration [47, 48] . The root canal spaces of tooth root slices were filled primary human DPSCs embedded within either control or exosome incorporated collagen membranes and implanted subcutaneously on the back of nude mice. The explant sections were then subjected histology and IHC. (Figures 5F, 5G) . The data presented in Figure 5 shows that DPSC-Exo and DPSC-OD-Exo triggered increased expression of DMP1 and DPP. An increased concentration in the expression of DMP1 and DPP was observed at the interface between the dentin and soft tissue (black arrows in Figure 5 ). We could also observe that the DPSC-OD-Exo triggered a more robust expression of these proteins especially at the interface. However, only DPSC-OD-Exo group stained for the endothelial cell marker von Willebrand Factor (vWF). Additionally, we could observe active blood vessels (indicated by the presence of RBCs marked by white arrows in Figure 5 D2 ) only in the DPSC-OD-Exo incorporated explant sections indicating that DPSC-OD-Exo improved the vascularization of the implants.
In addition to IHC and histology, fluorescence IHC was also performed to observe the expression levels of growth factors BMP2, TGFβ and the pro-vasculogenic factor PDGF (platelet derived growth factor) and the transcription factor Runx2 in the developing pulplike tissue. Results presented in Figure 6 indicate that both DPSC-Exo and DPSC-OD-Exo triggered an increase in the expression levels these proteins. However, DPSC-OD-Exo treated samples showed an increased level of expression compared to sample treated with DPSC-Exo indicating that the improved efficiency of exosomes isolated from odontogenic pulp cells.
Exosome mediated odontogenic differentiation of HMSCs
To evaluate if pulp cell derived exosomes can induce odontogenic differentiation of other somatic MSCs, we investigated if pulp cell derived exosomes can induce odontogenic differentiation of primary HMSCs. Results presented in Figure 7 indicate that DPSC exosomes are endocytosed by HMSCs. Gene expression analysis of HMSCs after 48 hours of treatment with DPSC-Exo and DPSC-OD-Exo indicated that the exosomes triggered the increase in the expression levels of several growth factors and ECM proteins along with the transcription factor Runx2 (Table 4) . However, the most important result from this experiment was the one that relates to DSPP. The average GAPDH and B2M Ct values used for normalization of data were between in the 19 to 21-cycle range for the samples. For this expression level of control genes, we could not obtain any amplification of the DSPP gene in the control sample. However, in the samples containing the DPSC-Exo and DPSC-OD-Exo, DSPP was expressed with an average Ct value of 35.93 and 32.43 respectively. Therefore, DSPP expression is indicated as "turned on" in Table 4 . After normalization to respective housekeeping genes, the fold change between DPSC-Exo treated HMSC group and DPSC-OD-Exo treated HMSC group is 60.55 fold (n=3, P= 0.0039 by student's t-test). This increase in DSPP expression in conjunction with the expression levels of other genes indicated that exosomes isolated from the cells subjected to odontogenic differentiation were more effective in triggering odontogenic differentiation of naïve HMSCs.
Discussion
The use of exosomes as tools in regenerative medicine has only recently gained prominence. However, most of the research efforts have focused on the immunomodulatory roles of exosomes and also on their use as vehicles to deliver specific genetic materials [20, 28, 49] . There have been no prior studies on the uptake of exosomes by DPSCs or on the effects of pulp-specific exosomes on the odontogenic differentiation of DPSCs and HMSCs. DPSCs are mesenchymal stem cells derived from the neural crest and possess multi-lineage differentiation potential [50] [51] [52] [53] . On the other hand HMSCs are marrow derived stromal cells also capable of multi-lineage differentiation. The primary source of autologous DPSCs for stem cell therapy is the third molar. However, in several cases, the third molar may not be available for stem cell extraction or the number cells that can be isolated may not be sufficient for therapeutic use. Under these circumstances, HMSCs can serve as a potential stem cell source as the marrow serves as a renewable stem cell source in healthy individuals. Therefore, in this study, we have evaluated the potential of exosomes isolated from differentiating DPSC cultures grown in the presence of growth as well as odontogenic differentiation media to induce odontogenic differentiation of naïve DPSCs and HMSCs.
Our results indicate that DPSCs can endocytose exosomes via the caveolar endocytic pathway. The endocytosed exosomes are transported via the microtubules. The endocytic process is dose dependent, energy dependent and saturable and is possibly mediated by HSPGs, but is not integrin mediated. In addition, the endocytic process triggers the activation of P38 MAPK pathway resulting in increased phosphorylation of P38 and nuclear translocation of the phorphorylated protein.
We hypothesize that exosome mediated control of cell fate is a -step process. The first step involves endocytosis mediated signaling and the second step involves exosomal 'cargo' (miRNA, protein and mRNA) mediated control of gene expression and cell fate. Our results indicate that the endocytic process mediated by P38 MAPK pathway may regulate BMP2 and BMP9 gene expression. However, at this point it is unclear if other BMPs are also regulated. Further studies are required to completely characterize this process and delineate the differences between endocytosis-mediated effects from exosomal miRNA or proteinmediated effects. On the other hand, gene expression studies showed that the exosomes trigger odontogenic differentiation of the DPSCs in both 2D and 3D culture models by significantly regulating several odontogenic marker genes including DSPP over a longer period of time validating the two-step process hypothesis. The exosomes derived from cells cultured in the presence of odontogenic differentiation media were more potent in inducing lineage specific differentiation. Specifically, a very robust and significant positive regulation of DSPP was observed when DPSCs were cultured in the presence of DPSC-OD-Exo in 3D culture. In addition to the odontogenic marker DSPP, DPSC-OD-Exos induced significant up regulation of several growth factors (GDF 10, BMP9), transcription factors such as Runx2 and osterix as well as several key ECM proteins such as alkaline phosphatase (ALPL) and type I collagen required for odontogenic differentiation and reparative dentin formation.
In order to use exosomes as therapeutic agents locally during endodontic procedures, they should be compatible for use with existing clinical materials and any other materials that may be developed in the future for regenerative medicine. One way of estimating this ability is to evaluate the binding of exosomes to structural ECM proteins. Exosomal membranes are derived from the cellular plasma membrane. We therefore hypothesized that exosomes should be able to bind to ECM proteins such as fibronectin and collagen. Results presented in this study indicate that exosomes bind to both type I collagen and fibronectin in a dose dependent and saturable manner and that their binding to fibronectin is integrin mediated and can be abrogated by blocking the integrins with an RGD peptide.
The abrogation of exosomal binding to fibronectin by RGD peptide suggests that exosomes can be tethered to biomaterials functionalized with an RGD peptide. This prospect opens up several avenues of research using exosomes and multiple combinations of biomaterials not only for dental pulp tissue regeneration, but for regeneration of other tissues as well. In this study however, we investigated the use of exosomes with a collagen membrane used in endodontic treatments clinically. Results from our animal model experiments indicated that both DPSC-Exo and DPSC-OD-Exo could trigger the regeneration of dental pulp-like tissue in a tooth root slice model. However, the DPSC-OD-Exo triggered a more robust expression of the odontogenic marker proteins as wells as growth factors and transcription factors required for odontogenic differentiation of DPSCs. We were particularly encouraged to note the increased expression of DPP and DMP1 along the interface of the soft tissue and dentin. DPP and DMP1 are key regulators of matrix mineralization and odontogenic differentiation [54] . Therefore, their expression at the interface of the pulp dentin complex is indicative of enhanced odontogenic differentiation and reparative dentin formation. The formation of reparative dentin is key to functional dental pulp tissue regeneration and the fact that DPSC-OD-Exo triggers this process is explicitly indicative of its potential in pulp regenerative therapy.
In order to test the hypothesis that cell type-specific exosomes can induce linage specific differentiation of stem cells, we evaluated the effect of pulp cell derived exosomes on marrow MSCs. Our results indicated that HMSCs can endocytose pulp cell derived exosomes and that these exosomes can direct the differentiation of the HMSCs towards an odontogenic lineage. Specifically, the fact that the exosomes can trigger the transcriptional activation of the DSPP gene in HMSCs is indicative of their potential in future regenerative applications.
Overall, our results highlight the potential of exosomes as tools in dental pulp tissue regeneration using both DPSCs and HMSCs. We hypothesize that the exosome-mediated changes in gene and protein expression observed in our study are a result of both endocytic and miRNA mediated control of cellular events. We also speculate that the difference in the potential of DPSC-Exo and DPSC-OD-Exo is a result of altered genetic and protein exosomal cargo. Therefore, in order to use exosomes as therapeutic agents, careful consideration should be given to the source of exosome and the state of the cells from which exosomes are isolated.
This study only explores the role of exosomes in inducing lineage specific differentiation of DPSCs. Further studies are required to characterize the mechanism by which exosomes control stem cell fate and the exosomal miRNAs and proteins that contribute towards this process. Furthermore, the ability of exosomes to induce odontogenic differentiation of bone marrow derived MSCs requires further investigation and characterization using in vitro and in vivo techniques.
Conclusion
We believe that the data presented in this manuscript can serve as a starting point for us and other groups to further investigate the possibility of using cell type-specific exosomes from cells cultured under defined conditions to elicit specific responses in target stem cells. Form a translational medicine perspective; we envision that purified exosomes can be produced in large quantities, lyophilized and distributed commercially for use with autologous stem cells and existing clinical materials such as collagen sponges in regenerative endodontics. Further studies are required to characterize the differences between early (endocytosis mediated) and later (miRNA mediated) signaling mechanisms triggered by exosomes to understand the mechanisms behind the specificity of action. We hypothesize that along with cell-derived ECM incorporated biomaterials, exosomes can be used to recreate a complete extracellular environment that can enable safe and reliable differentiation of stem cells.
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